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Form factors measurement

- Sachs electric and magnetic form factors:

GE:FD—TFP GM:FD—I—FP

- Rosenbluth separation:

do.unpol

Q)1 SahQY) | QF = 264 GeV?
do.unpol )
a0 ~GE(@7) 1
T € Kkinematical variables )
2 O ——— |
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Qattan et al. (2005)

(- Rosenbluth slope is sensitive to corrections beyond 1}{)
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Form factors measurement

- Sachs electric and magnetic form factors:

Ggp=Fp—71Fp Gy = Fp+ Fp

- polarization transfer method:

e+ p->e Jrf)> realized in 2000 at JLab

Pr ~ Ge(Q>)Gy(Q?) Pr  Gg(Q?
Pr ~ G%,(Q%) [_ ) ]




Proton form factors puzzle

Polarization transfer s Rosenbluth separation
JLab (Hall A, C) ' SLAC, JLab (Hall A, C)
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Proton form factors puzzle

Polarization transfer s Rosenbluth separation
JLab (Hall A, C) ' SLAC, JLab (Hall A, C)
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~ 1 — 2527

( - discrepancy motivates model-independent study of 2y )
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Scattering experiments and 2}

- 2% is not among standard radiative corrections

oA— 0'17(1 + 5rad + 5soft T 52’7)

- charge radius insensitive to 2y model

(- magnetic radius depends on 2y model)

J. C. Bernauer et al. (2014)



Scattering experiments and 2}

- 2% is not among standard radiative corrections

o

eXp — 0'17(1 + 5rad + 5soft + 527)

- charge radius insensitive to 2y model

(- magnetic radius depends on 2y model)

magnetic form factor

GM/(,Up Gstd.dipole)

- 2 % systematic deviation
MAMI vs. world data

1.1
1.08
1.06
1.04
1.02

1
0.98
0.96
0.94

J. C. Bernauer

et al. (2014)

- Al@MAMI

0.4 0.6
QR*[GeV?]



pH hyperfine splitting and 2y

1S HFS in yH

PSI, J-PARC, RIKEN-RAL

1 ppm accuracy
R. Pohl (2016)

- leading theoretical uncertainty: 213 ppm from 2y
C. Carlson, V. Nazaryan, K. Griffioen (2011)

- A1@MAMLI fit allows to quantify 2y uncertainty

J. C. Bernauer et al. (2014)

- radii expansion of form factors: 3 times more precise
O. Tomalak (2017)

contribution (ppm) |uncertainty (ppm)
p (Zemach) -7376 140—46
5 total, pH charge radius -6170 98
TE ’ total, scatt charge radius -6239 104

(- magnetic radius, form factors and spin structure are important)
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Scattering experiments and 2}

- Charge radius extractions:

eH, eD spectroscopy ep scattering

wH, uD spectroscopy Up scattering °rer

- up elastic scattering is planned by MUSE@PSI(2018-19)

measure with both electron/muon charges

( - 2% correction in MUSE ° )




Elastic lepton-proton scattering

momentum transfer > — photon polarization
/
0 — (b K (k) (k) pacsmete
crossing-symmetric / forward scattering
variable D P e 51
U > —

- leading 2¥ contribution: interference term

2 Y TYWRTY

spin

o0 = TS

spin

[ - 2% correction to cross section is given by amplitudes real parts J
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Elastic lepton-proton scattering

[(k) LK)
K:k+k/ P:p—|—p’
2 p 2
p p
> —

- electron-proton scattering: 3 structure amplitudes

o2 PH K PH
ren—Hie — Z’Yul N(gM( aQ )’V _-F2( 7@2)—+F3( 7Q2) M2 )N

(Q)? M
PAM. Guichon and M. Vanderhaeghen (2003)

- muon-proton scattering: add helicity-tlip amplitudes

e m K 62m

—2—” N(fél( 7Q )_|_f5( 7@2) ) QQ (Van)l_’YBZ'N’YBN

M. Gorchtein, PA.M. Guichon and M. Vanderhaeghen (2004)

Tﬂlp _

( - 2% correction to cross section is given by amplitudes real parts j
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non-forward scattering
at low momentum transfer

v VvV

photoproduction vertex or Compton tensor

box diagram

assumption about the vertex
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non-forward scattering
at low momentum transfer

vV 'V

photoproduction vertex or Compton tensor

box diagram dispersion relations

assumption about the vertex based on on-shell information
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non-forward scattering
proton state

2

Dirac and Pauli form factors

box diagram dispersion relations
assumption about the vertex based on on-shell information
Blunden, Melnitchouk and Tjon (2003) Borisyuk and Kobushkin (2008), O. T. and M. Vanderhaeghen (2014)
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near-forward scattering
forward scattering

account for all inelastic 2y
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Low-Q? inelastic 2 correction (ep)

- 2 blob: near-forward virtual Compton scattering

Feshbach inelastic elastic

! b |

oy ~a \/Q%+b Q*InQ% + ¢ Q*In” Q?

R. W. Brown (1970), M. Gorchtein (2013), O. T. and M. Vanderhaeghen (2014)

unpolarized proton structure

/ \E/I E. Christy, P. E. Bosted (2010)

~ ~

ddeQQ(wl(V77@2) ' Fl(V’YvQQ) +w2(V’Y7Q2) ' FQ(V77Q2))
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[ - 2% at large ¢ agrees with empirical fit J
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MUSE@PSI (2018-19) estimates (1 p)

- proton box diagram model + inelastic 2)

1.0+

box diagram model, wp
total, Wp

total, e’p -
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O. T and M. Vanderhaeghen (2014, 2016)



MUSE@PSI (2018-19) estimates (1 p)

- proton box diagram model + inelastic 2)
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18 K. Mesick talk (PAVI 2014), MUSE TDR (2016)



near-forward scattering dispersion relations

(large ¢) (arbitrary €)

p + all inelastic
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Fixed-Q? dispersion relation framework

on-shell 1y amplitudes 2¥ prediction
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Mandelstam plot (ep)

Qz, GeV? 1
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- proton intermediate state is outside physical region for Q? > o

- nN intermediate state is outside physical region for Q2 > 0.064 GeV?
J/

o1 O. T and M. Vanderhaeghen (2014)



Analytical continuation. Elastic state

/dQ

- contour deformation method:

O. T and M. Vanderhaeghen (2014), Blunden and Melnitchouk (2017)

angular integration deform integration contour
4—> to integration on curve 4—> keeping poles inside
in complex plane going to unph. region
unphysical physical
i
.‘\ I
- analytical continuation \ | e
0014 N\ I
reproduces results > N |
. . . D) _ N | ‘/
in unphysical region o |
%, ~_ |
0 - \1~
2 2 S~
l

; , ;
—0.02 0 0.02 0.04 0.06 0.08
V,GeV2

[ - central value: form factor fit of A1@MAMI (2014) ]

- uncertainty: difference to 2) with dipole form factors
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Analytical continuation. N states

- pion electroproduction amplitudes: MAID2007
D. Drechsel. S. Kamalov and L. Tiator (2007)

- analytical continuation: fit of low-Q? expansion in physical region

G12(s, Q7), Q°F3(s, Q%) ~a1Q°InQ” + a2Q” + azQ* In Q* + ...

s =1.6 GeV?
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( - uncertainty: extrapolation + large invariant masses )
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Mandelstam plot (ep)

QZ, GeVZ .
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inelastic threshold

( - N intermediate state is outside physical region for Q2 > 0.064 GeV? )
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Mandelstam plot (ep)

Q?, GeV* -
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Mandelstam plot (ep)
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Analytical continuation. N states

- pion electroproduction amplitudes: MAID2007
D. Drechsel. S. Kamalov and L. Tiator (2007)

- analytical continuation: fit of low-Q? expansion in physical region

G12(s, Q7), Q°F3(s, Q%) ~a1Q°InQ” + a2Q” + azQ* In Q* + ...

s =1.6 GeV?
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niN in dispersive framework (e)

0029 .. - 71N, unsubtracted dispersion relations
— 7N, near-forward from structure functions
O 0.01 -
- 1 =
S | ==
0 1 S
.'/‘.
Q? = 0.005 GeV?
-0.014 :
|

0.5

1.0

28
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niN in dispersive framework (e)

----- - 71N, unsubtracted dispersion relations
| — 7N, near-forward from structure functions - ~
- dispersion relations
- = agree with near-forward
o e at large €
./‘. -
17/ 9 2
i Q? = 0.005 GeV
]
'. 1 1 1 1 I 1 1 1 1
0 0.5 1.0

[ - N is dominant inelastic 2} )
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Q% = 0.05 GeV?

Al@MAMI
elastic

elastic + N

total 2v, near-forward

| ' | ' | ' |
0.2 04 0.6 0.8 1.0

€
O. T, B. Pasquini and M. Vanderhaeghen (2017)




0.99

0.98

Comparison with data

OLYMPUS (2016)
elastic

elastic + A

elastic + N

4 uncorr. + corr. uncertainties
Maximon and Tjon IR prescription

k =2.01 GeV

) I
0.8 0.9

€

( )

- Weighted /\ 1s similar to narrow one

1.0

Blunden and Melnitchouk (2017)

- N contribution is closer to data than A only
_J

.
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Comparison with data

(e p) ) OLYMPUS (2016)
1.02 — RQ’y — _p ~ 1 L 2527 ............. Feshbach
- o(e”p) === elastic
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0 1 R —
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I + 4+ 1T I UNCoOIT. + COIT. uncertainties
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0.98 . I .
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.

- near-forward 2) agree with data
- multi-particle 2, e.g. N, is important

J
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Comparison with data
1.0

i B clastic
05— v elastic + N
| *  total 2 v,[near-forward

= 0- %, % T
S i ¢ % E_
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( - dispersion relations agree with CLAS data )
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Conclusions

R

why 2x ? ___’[ largest theoretical uncertainty J

In oOw-energy pI‘OtOI’l structure
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Conclusions

how to study °

box diagram

v

—>

r

small scatt. angles
ep, pp (all states)

N

|

largest theoretical uncertainty
in low-energy proton structure

|

dispersion relations

v

\

all scatt. angles
ep (p + 0N states)

_/

[ - multi-particle 2y, e.g. N, within dispersion relations is important J
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Our best 2y knowledge

2.0 I I
: | | —  Al@MAMI
\ | | T — elastic + N
L5- .\., : : — total 2 vy, near-forward
. N | | — —— Interpolation
o N
& .'\ I
~1.04TTT - | 2 2
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(é\] -
=
0.5- |
| iy
1 dispersion e
relations near-forward
0 . . . | , | .
0 0.2 04 0.6 0.8 1.0
€

.

g
- small Q2 near-forward at large €, all inelastic states

~

- Q>=1 GeV2: elastic+nN within dispersion relations

- iIntermediate range: interpolation

35



Outlook

€p
theoretical 2) —_—{> ( magnetic radius extraction ]
JLAB data —p [ application to 1S HFS exp J
gi, 92

MUSE data ‘—}11) ( dispersive 2 evaluation j
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Thanks for your attention !!!
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